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Introduction
There is a long history of imaging diagnostics being applied to identify flamefront topology and, more recently, to image heat release rate. These quantities cannot be imaged directly, rather they must be inferred from images of some other physical (e.g. dilatation) or chemical (e.g. chemiluminescence) measure. Recently, Najm et al.
[l] employed both experimental and computational results to investigate the validity of a number of these techniques. They considered an unsteady curved flame front, specifically, a laminar premixed methane-air flame subjected to an interaction with an isolated line-vortex pair. Their observations may be summarized as follows: chemiluminescence-based methods (e.g. CH*, Cz*, OH* and CO,* imaging) are not generally reliable measures of turbulent flame front topology much less burning or heat release rate; methods based on imaging OH do not provide sufficient contrast to uniquely identify the flame front and OH concentration is an insensitive indicator of local heat release rate; on the other hand CH concentration is not universally correlated with heat release and CH images may wrongly indicate breaks in the flame surface; finally, unsteady strain and curvature can modify any possible correlation between dilatation and heat release rate. An additional method. often used to identify flame front topology involves imaging the disappearance of some added tracer (e.g. PLIF of acetone or Mie scattering of a particulate) which decomposes at elevated temperatures. These methods do provide strong signals but must presuppose a direct spatial relationship between the flame front and the disappearance of the tracer which actually occurs in the preheat zone. PLIF images of acetone as seeded into the fuel (in a non-premixed jet flame) display a much more convoluted 'flame' surface than simultaneously acquired OH images [2] . This is expected since the acetone has a higher Schmidt number and it decomposes in a cooler region subjected to turbulence largely unaffected by the flame.
Najm et al.
[l] find a temporal and spatial correlation between the concentration of formyl radical (HCO) and heat release rate. They suggest that this occurs because: 1) reaction of HCO (to form H and CO) occurs rapidly compared to its formation rate, thus HCO concentration appears as directly proportional to HCO production rate; 2) for slightly rich to lean flames a good monitor point directly dependent for the on the substantial fraction of the carbon flows through HCO making HCO a flow of carbon from fuel to products; and, 3) HCO production is concentration of CH,O which in turn is directly dependent on the reaction CH, + 0 a CH,O + H which shows the largest fractional influence on changes in heat release rate. Najm et al. [l] demonstrated the ability to image HCO using PLIF in a flow similar to that used here and to that used by Nguyen and Paul [3] . However they were forced to average 100 frames of data to achieve peak signal-to-noise ratios of order 2:l in the final HCO image. They conclude and we confirm that there is insufficient signal available to apply HCO PLIF as a single-pulse imaging diagnostic as would be required for studies of unsteady reacting flows.
In what follows we investigate possible means to develop an image of reaction rate and to what extent the measurement, or some other related expression, correlates with heat release rate. This is followed by a consideration of LIF in OH and CH,O. Finally we report the results of applying these diagnostics to the study of an unsteady premixed flame.
Heat Release Rate
Our investigations into the causes for the success of HCO as a measure of heat release rate prompted us to consider other means to image reaction rates associated with HCO production. Images of the concentration of a species that is formed at a finite rate but removed rapidly by reaction (e.g. HCO) or by physical quenching of electronically excited species (e.g. 'CH, ) offer a measure of the production rate of the species. However this desirable feature also leads to a relatively low concentration of the target species hence unusable signal levels. An alternative is to derive a processed image that is a direct measure of a reaction rate.
The reaction CH20 + OH H20 + HCO proceeds at a forward rate proportional to ROH cc ncHzonoHkf (T) where n is a number density and kf is a rate coefficient. We will show that the product of OH and CH,O LIF signals taken at the same spatial location may be written as A4 oc nCH20nOH which is directly related to the rate ROH. The correlation between heat release rate and the rate ROH can be explained using the same lines of reasoning offered, by Najm et al.
[l] and outlined above, to explain the correlation between heat release rate and HCO concentration. 
LIF of OH and formaldehyde
Under collision dominated conditions (e.g. an atmospheric pressure flame) and in the limit of weak pumping, the laser-induced fluorescence signal takes the
Here X , , is the mole fraction of the absorbing species having a Boltzmann fraction off,(T) in the lower laser-coupled level. The quantities A and k,(T) are the spontaneous emission rate and the rate coefficient for collisional de-excitation (physical quenching) of the upper laser-coupled level, respectively. Through a judicious choice of excitation and detection wavelengths it is possible to cancel out much of the temperature dependence and obtain PLIF images of CH or OH that essentially represent mole fraction [3] .
Such a simple relation is not the general case, rather the LIF signal is proportional to absorber mole fraction but also contains a complicated dependence on other field variables. For example collisional quenching may exhibit a strong dependence on the identity of the collision partner or on temperature (e.g. NO A'Z' [7] ), or with polyatomics like formaldehyde there is generally a strong temperature dependence through the Boltzmann fraction.
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LIF measurements of native CH20 in flames have been reported by Harrington and Smyth [8]
and PLIF imaging of CH20 in an engine has been reported by Bauerle et al. [9] . In both cases excitation was via the A'A,-X'A, 410 band (near 353 nm). The lifetime of the singlet A-state vibrational levels decreases with increasing energy due to predissociation [lo] via a coupling to the lowest triplet surface, a3A2 [ 1 11, and at higher energies by direct predissociation to H + HCO.
Harrington and Smyth [SI suggest that owing to this predissociation, the lowest accessible vibrational level in the A-state will give the strongest fluorescence signal. We find a signal advantage of over 10 times in moving to excitation via the 2104', band (near 339 nm). This is due in part to an increase in the absorption coefficient which must be balanced against a predissociation lifetime of 28 ns for the 2l4l excited state compared to 85 ns for the 4l excited state. However the impact of the increase in predissociation rate is reduced by competitive physical quenching rates [12] . Further the vibration relaxation within the excited state is essentially gas kinetic [ 121, mitigating against the potential signal loss by transferring population to lower energy, less predissociated vibrational levels. There are also two practical advantages in moving to excitation at 339 nm, the non-resonant emission is more separated from the pump wavelength and is better matched to available colored glass filters, and there is a better match to high performance laser dyes.
A reasonable model for OH LIF signal, using A-X (1,O) excitation and nonresonant fluorescence detection, can be developed owing to the availability of collisional quenching and vibrational relaxation cross sections for a number of collision partners over a wide range of temperatures employed as well as the filter spectral transmission. Given the relatively narrow range of temperatures expected in the region of overlap between OH and CH20, the primary field dependence in the product of the LIF signals is through the product of the number densities (see figure 2 ). Thus the product of the LIF signals provides a measure of a quantity which is correlated with local heat release rate.
Reaction Rate Imaging Results
The OH and CH20 PLIF imaging diagnostics were applied to the study of an unsteady laminar premixed flame. The flow facility is the same as that described by Nguyen and Paul [3] . The burner (63.5 mm square) is packed with glass beads followed by honeycomb and wire screen flow straighteners. The V-flame is stabilized on a slightly heated nichrome wire suspended above the burner. A laminar vortex pair is generated by impulsively driving the premixture through a slot nozzle mounted on one side of the test section. The vortices are injected, at a near-normal angle, into one leg of the V-flame. For this study a slightly lean (4 = 0.9) mixture of dimethyl ether was selected to increase CH20 levels and thus enhance the CH20 signal. The mixture was diluted with 30% additional N, to reduce the flame speed in order to operate under laminar flame and vortex conditions. For the methane -air system, the primary source of CH20 is oxidation of methyl radical and to a lesser extent by H-abstraction from the methanol-like radicals, CH,O and CH20H. For the dimethyl ether -air system, CH20 is produced from the thermal decomposition products CH,O and CH, or by H-abstraction to form the methoxy-methyl radical and subsequent p-scission of to yield CH20 and CH, [19] . From the standpoint of CH20 production this appears like burning a mixture of methanol and methane.
Burner conditions were selected to achieve a highly reproducible flow which allowed the time In the present experiment the OH and CH20 images were not taken simultaneously. Rather, the images were taken sequentially with a single camera to avoid the geometric and signal normalization corrections required for quantitative imaging using two cameras. Two separate laser systems were set up to allow rapid switching between pumping OH and pumping CH,O.
8
The OH images were obtained using A-X ( observed to be 5 to 10 times less than the undisturbed value (taken nominally one ms earlier into the interaction than the later image set in figure 3 ).
The OH and CH,O images given in figure 3 were acquired using single laser pulses. The OH images show a reasonably good signal-to-noise ratio. However the OH signal becomes weak on the reactant side of the flame front in the region of spatial overlap with the CH,O signal. The CH,O signal is by comparison weaker, showing a single shot peak signal-to-noise of about 4: 1.
was achieved, indicating good rejection of resonant scattering and negligible interference from Raman scattering. However, camera gate widths had to be set to 25 ns to reject flame chemiluminescence. The CH20 rotational constants are relatively large and there is a significant geometry change with excitation, thus the rotational spectrum is relatively open and it is possible to tune off of the excitation line to observe any background signal. Background signal levels in the flame were measured at less than 2% of the observed peak CH20 signal indicating negligible broadband fluorescence interference (e.g. from PAH's).
The convective transport of formaldehyde number density is balanced by mass diffusion and chemical production and removal, at rates P and R, respectively. For the case of minimal tangential gradients, the spatial integral along the flame normal r^ and across the flame surface can be written as
Here the labels u and b refer to unburnt and burnt regions, respectively. For a reaction intermediate like CH20, the di&sion term vanishes upon integration as will the convective term (in equation 2) for sufficiently large limits of integration. For CH20, the removal rate is dominated by reactions with H, 0 and OH to form HCO which implies that R 2 R,, . Since HCO concentrations are small the reverse rate (reformation of CH,O from HCO) will also be small. A time series of images can be used to infer a lower bound on the CH,O production rate of the form
This can provide additional information about the state of the reaction system. Spatial profiles of S,,, taken along the vortex-pair centerline from the image data set (shown in part in figure 3 ). The inset shows the time evolution of the spatial integral of the CH,O signal profiles and the peak OH signal on centerline as normalized to values in the undisturbed flame.
Spatial profiles of product S,,S,,, taken along the vortex-pair centerline from the image data set (shown in part in figure 3 ). The inset shows the time evolution of the spatial integral of the profiles as normalized to the values in the undisturbed flame. fig. 3 d-
